Huge volumes of harmful algal bloom residues (ABR) are collected during emergency treatment of cyanobacteria blooms, and phycocyanin-extracted algal bloom residues (PE-ABR) are produced after extraction of phycocyanin from ABR. To utilize them in a more efficient way, we propose a new approach to prepare hydrochars from PE-ABR through hydrothermal carbonization (HTC). The physical characters of as-prepared hydrochars were analyzed by SEM, FTIR and Raman spectroscopy. The PE-ABR hydrochar showed remarkable adsorption capability for removal malachite green (MG), with the maximum adsorption capacity of PE-ABR hydrochar for MG was 89.05 mg g
Introduction
Colored effluents are usually discharged from the textile, tannery, food, paper/pulp, printing, cosmetics, plastic and pharmaceutical industries.
1 Dyes and pigments in colored wastewaters have posed constant threat against the aquatic environment because they can reduce light penetration and so signicantly inuence photosynthetic activity of aquatic life. 2 Malachite green (MG) as one such dye has also been extensively used as a bactericide, fungicide and parasiticide in aquaculture industries worldwide and may cause toxic effect such as carcinogenesis, mutagenesis and respiratory destruction. 3 It has been reported that MG discharged into receiving water bodies even at low concentrations can affect the aquatic life and cause detrimental effects in liver, gill, kidney, intestine and gonads. 4 Therefore, nowadays MG is not allowed to be applied in aquaculture in many countries including the United States, China, Canada, and the European Union, 5 and the environmental quality standard limit of concentration of MG in water is set in the range of 0.5-100 mg L
À1
. 6 To remove dyes in dye-contaminated wastewater with high concentration, the conventional methods are employed which include aerobic and anaerobic microbial remediation, chemical coagulation, reverse osmosis, oxidation, ion exchange, membrane ltration and electrochemical approaches. But generally, these methods either require high cost of exploitation or are incapable of treating large volumes of effluent.
2,6
Alternatively, it is also effective to employ the adsorption method by using solid as adsorbents in treatment of dyecontaminated wastewater. In application of this method, the most widely used adsorbent is activated carbon (AC). However, up to now, production of commercial activated carbon is still an expensive process. Therefore, it is of immense interest to search for a more cost-effective production process of AC materials. 7 In this regard, people have tried the methods of pyrolysis of biomasses for production of char material, such as the dry pyrolysis and wet pyrolysis processing approaches. The wet pyrolysis processing is also known as hydrothermal carbonization (HTC), and it has been established as a fast, simple and carbon dioxide negative conversion technique to produce hydrochars from a variety of biomasses. In fact, the technique of HTC has opened up the eld of potential feedstocks for char production to a range of nontraditional renewable and plentiful wet agricultural residues and municipal wastes in the recent years.
However, in order to produce hydrochars through HTC in a more cost-effective way, it is still a challenge to acquire the most suitable materials from the nature directly. For this purpose, therefore, in this work we paid special attention to algal bloom residues (ABR), or, cyanobacterial blooms residues. It has been reported that cyanobacterial blooms caused by anthropogenic nutrient inputs to aquatic ecosystems have been expanding worldwide. Over the recent decades, the occurrence of harmful algal blooms has increased globally, 7 while reoa-tation and collection of algae from lakes are considered as the most efficient approaches to reduce the threat of blue algae.
10
For example, Chao-Lake in our Anhui province, which is the h largest freshwater lake in China, generated a total of 0.29 million tons of algae during bloom season in 2015. The huge volumes of harmful ABR could result in a serious secondary pollution, 10 so it has become an urgent task to dispose the toxic algae bloom residues. The methods such as anaerobic digestion to produce biogas, 11 anaerobic co-digestion with corn straw,
12
pyrolysis of blue-green algae blooms to produce biogas and biooil and biochar 13, 14 have been tried to convert harmful algal blooms into useful materials such as high performance electrodes for sodium ion batteries 15 and pure phycobiliproteins.
16
And especially, Zhang et al. have succeeded in extraction of phycocyanin from ABR collected from Chao-Lake. 17 However, aer extraction of phycocyanin, there are still a large amount of ABR, called "phycocyanin extracted algal blooms residues (PE-ABR)", and these PE-ABR are still rich in carbohydrate, protein or lipid which may be further utilized to produce high values of usage. 18 In this work, we intended to employ the technique of HTC to produce hydrochars. Because HTC is an exothermic process used to convert wet feedstocks into carbonaceous solid, it can operate at relatively low temperature compared to other thermal methods. 8, 19 Actually, the HTC technique has been proved to be effective in many feedstock materials 20 including cellulose, lignin, and lignocellulosic materials, as well as a variety of waste-biomasses such as municipal solid waste, distiller's grains, and corncob residues. 19, 21, 22 Therefore, in this work, we initiated the application of HTC in transformation of ABR and especially PE-ABR to hydrochars, and anticipated that they could be used as the good adsorbents for removal of dyes. In the study, we investigated the adsorption properties of the hydrochars as functions of varied operational conditions, and examined the materials using scanning electron microscopy (SEM), Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR). The involved adsorption mechanisms were discussed by evaluating the adsorption kinetics via experimental study and modeling simulation. Our results have showed that the hydrochar derived from PE-ABR has extraordinary high efficiency for removal of MG so that it may become a very promising adsorbent material for treatment of dyecontaminated wastewater. namely, Chao-Lake, which is located near Hefei City in Anhui province, during the outbreak of cyanobacteria blooms in summer. The collected ABR were stored at 4 C before usage.
Materials and methods

Materials
Aer extraction of phycocyanin by freeze-thaw with salt precipitation method (the extraction and purication of phycocyanin were performed by the combined use of two-step salt precipitation and two-step column chromatography, achieving the nal purity of phycocyanin greater than 4 aer the four-step purication process), 17 the algal residue called phycocyanin-extracted algal bloom residues (PE-ABR) were le and stored at 4 C before use. To produce hydrochars, both ABR (before phycocyanin extraction) and PE-ABR (aer phycocyanin extraction) were centrifuged for 30 minutes with 8000 rpm to collect precipitation. The HTC process was conducted as follows: 23 a mixture of ABR or PE-ABR (30 g) and deionized water (15 mL) were placed into an autoclave; next, the reactors was programmed to heat until reaching a predened peak temperature (200 C) and then hold for the specied retention time (10 hours); aer the reaction, the hydrochar products were washed several times with deionized water; and nally, these samples were separated from water using ltration/centrifugation and dried at 60 C for further analysis.
Surface characterization. The surface morphology of hydrochar from ABR or PE-ABR was visualized by a scanning electronic microscope (JEOL-2100F, Japan). FTIR spectroscopy was used to identify the chemicals present in the adsorbent. The FTIR spectra of the control samples (hydrochar before adsorption of MG) and the MG-loaded samples (adsorbent 4 g L À1 , 100 mg L À1 MG for 24 h) were obtained using a FTIR spectrometer (Alpha-T, Bruker) accumulating 64 scans at a spectral resolution of 1 cm À1 . The Raman spectra of MG and hydrochars from ABR and PE-ABR before and aer loading MG (adsorbent 4 g L À1 , 100 mg L À1 MG for 24 h) were recorded using an Xplora
Raman microspectrometer (Horiba Jobin Yvon) with a 532 nm laser and an Olympus 50Â long working distance lens. The beam size was about 0.7 mm in diameter and worked with a power of approximately 0.2 mW. The acquisition time of 5 s was used for the Raman measurements at each point. Batch adsorption experiments. Batch adsorption experiments were conducted by shaking varies masses of hydrochar produced from ABR and hydrochar from PE-ABR with 50 mL aqueous solution of MG of known concentration (50, 75 and 100 mg L À1 ) in 100 mL asks placed in a temperature controlled shaker at 25 C and with adsorbent doses between 1 and 8 g L
À1
at a constant shaking rate of 200 rpm. Aer the desired contact time, the samples were withdrawn from the mixture and centrifuged for 15 min at 8000 rpm. Aer centrifugation, the concentration of MG in solution was measured at 617 nm using a UV-vis spectrophotometer (Shimadzu, UV-2550, Japan). Controls were measured using adsorbent in distilled water blank and adsorbent-free MG. The percentage removal of MG was calculated by using the following equation:
where C 0 and C t are the MG concentrations (mg L À1 ) initially and at a given time t, respectively. The amount of MG taken by adsorbent (q e ) was calculated by:
where V is the solution volume (L), m is the amount of adsorbent (g), and C 0 and C e are the initial and equilibrium concentrations of MG (mg L À1 ), respectively. Three replicates per sample were available for obtaining the average in the evaluation.
Adsorption isotherm. Four isotherm models including Langmuir, Freundlich, Dubinin-Radushkevich and Temkin models were tested for equilibrium description at ambient temperature. Langmuir model can be described by the following equation:
where q e and C e correspond to the amount adsorbed per gram of adsorbent (mg g À1 ) and the solute concentration (mg L À1 ) in the aqueous solution in equilibrium, respectively. Q 0 and K L are constants related to the maximum adsorption capacity (mg g À1 ) and the adsorption energy (L mg À1 ), respectively. 24 The essential characteristics of Langmuir isotherm can be explained in terms of dimensionless constant separation factor (R L ) which is expressed as:
where C i is initial concentration of MG. Freundlich's model can be described by the following equation:
where K F (mg g À1 ) is the adsorption capacity of the adsorbent and n gives an index for the effectiveness of the adsorption process.
25
Dubinin and Radushkevich (D-R) equation 26 is represented by the following equation:
where K DR (mol 2 kJ À2 ) is a constant related to mean adsorption energy; and 3 is the Polanyi potential, which can be calculated from equation:
The slope of the plot of ln q e versus 3 2 gives K DR (mol 2 kJ À2 ) and the intercept yields the maximum adsorption capacity, Q 0 (mg g À1 ). T is the absolute temperature in K and R is the universal gas constant (8.314 J mol À1 K À1 ). The mean adsorption energy (E) can also be worked out using the following relationship:
The Temkin equation is given by the following equation:
where B T ¼ RT/b T , b T is related to the heat of adsorption, K T is the equilibrium binding constant corresponding to the maximum binding energy.
27
Adsorption kinetics. The controlling mechanism of the adsorption process was investigated by tting the experimental data with pseudo-rst-order, pseudo-second-order kinetic models or the intra-particle diffusion model, respectively. For the pseudo-rst-order and pseudo-second-order kinetic models, the kinetics equations are dened as follows:
where q t (mg g À1 ) is the amount of adsorbed MG on hydrochar at time t (min). k 1 (1/min) and k 2 (g mg À1 min À1 ) are adsorption rate constants of pseudo-rst-order and pseudo-second-order models, respectively. The adsorption rate constant (k 1 ) for MG adsorption was calculated from the slope of the linear plot of ln(q e À q t ) versus t. In the latter case, kinetic data were plotted as t/q t against t.
25,28
According to the intra-particle diffusion model proposed by Weber and Morris, 7,29 the initial rate of intra-particle diffusion is calculated by
where
) represents intra-particle diffusion rate constant, C is the intercept and t denotes contact time (min). The values of q t versus t 1/2 and the rate constants K w are directly evaluated from the slope of the regression line.
Results and discussion
Characterization of adsorbent SEM characterization. The surface characterization was conducted through SEM (Fig. 1). Fig. 1a illustrates the morphological feature of the ABR-hydrochar, showing that part of algal cells could still maintain the morphology aer HTC. Fig. 1b displays the hydrochar made from PE-ABR, indicating that the algae cells lost their inherent surface morphology, and most of them were converted into nonuniform micro or nanoscale particles, they contained the higher porosity than ABRhydrochar. This ultra-structural property may provide favorable for the dye molecules to be trapped and adsorbed by hydrochar derided from PE-ABR compared with that from ABR as we will discuss more in the following sections.
Spectroscopic analysis of ABR and hydrochars by FTIR and Raman spectroscopy. Vibrational spectroscopy such as Raman and FTIR spectroscopy can be very useful in the study of interactions involved in adsorption process. Here, FTIR spectroscopy was employed to analyze the composition of the hydrochars converted from ABR or PE-ABR and the possible interaction between the hydrochars and MG. The FTIR spectra of samples are presented in Fig. 2 . It can be seen that the broad region centered at about 3400 cm À1 , which can be attributed to stretching vibration of bonded hydroxyl groups and N-H stretching vibration in amino compounds, are highly affected by the HTC processing. The -OH absorption peaks at 3400 and 3393 cm À1 of ABR and PE-ABR are diminished and the sharp peaks are shied from 3295 and 3294 cm À1 to 3274 and 3276 cm À1 aer the HTC treatment (Fig. 2 , Table 1 ). This is most likely due to dehydration of ABR and PE-ABR during the HTC process. 30 Aer MG adsorption, the spectra show the changes in intensity and shi in position. The -OH absorption peaks are shied from 3274 and 3276 cm aer adsorption of MG is higher than that of ABR-hydrochar, indicating that higher adsorption capability of MG by PE-ABRhydrochar. All these observations indicate the interaction between MG and the hydrochars and the results are summarised in Fig. 2 corresponds to sp 3 C atoms, deriving from the defects and/or disorders of graphite crystal. 33 Generally, the relative intensity ratio of D to G bands (I D /I G ) is a measure of disorder degree and average size of the sp 2 domains in graphitized structure. 34 The Raman spectra of two types of hydrochars exhibit two characteristic peaks related to the D band and G band, respectively, implying the formation of carbonaceous materials aer ABR and PE-ABR treated by HTC (Fig. 3) . The I D /I G intensity ratio of PE-ABR hydrochar is 0.87, which is higher than that of ABRhydrochar, suggesting that the higher disorder degree of the sp hydrochar-MG samples is signicantly higher than that of the ABR-hydrochar-MG samples, implying more favorable adsorption of MG on PE-ABR-hydrochar than ABR-hydrochar (Fig. 3) . These results also imply the interaction between MG and the hydrochars, which are consistent with the above FTIR analysis and the foregoing morphology analysis results given by the SEM observation.
Inuence of adsorbent dosage and initial MG concentration on adsorption efficiency. The inuence of adsorbent dosage and initial concentration of MG on the efficiency of MG removal was also investigated. As shown in Fig. 4a , the percent removal of MG increased from 43.1% to 78.6% in ABR-hydrochar concentration from 1 to 8 g L À1 aer 48 h contact. The removal rates of MG by PE-ABR-hydrochar were increased from 62.7% to 92.4% with increase dosage from 1 to 8 g L À1 (Fig. 4b) . The results suggest that the PE-ABR-hydrochar has higher adsorption capability of MG than ABR-hydrochar, and this can be explained by that the PE-ABR hydrochar has more rough and irregular surface morphology than the ABR hydrochar as mentioned in the former section. Effects of initial concentration on MG removal by the ABR-hydrochar and the PE-ABR-hydrochar were studied by carrying out the experiments at different initial concentrations (50, 75 and 100 mg L À1 ). The percent MG removal decreased from 50.9% to 33.9% aer the treatment by the ABR-hydrochar and from 92.1% to 82.6% aer the treatment by the PE-ABR-hydrochar as the initial concentration of MG increases from 50 to 100 mg L À1 for 4 g L À1 of adsorbent at equilibrium contact time of 24 h ( Fig. 4c and d) . At low concentration, the ratio of available surface to the initial MG concentration is larger, so the removal may become higher. As the limited active sites on hydrochars become saturated at a relatively higher concentration, the increment in adsorption capacity become restricted, so the percentage removal become lesser.
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Adsorption isotherm. To examine the relationship between adsorbent and adsorbate at equilibrium, and to search for the maximum adsorption capacity, four adsorption isotherm models including Langmuir, Freundlich, D-R and Temkin isotherms were applied and evaluated. The plots of C e /q e versus C e , ln q e versus ln C e , ln q e versus 3 2 and q e versus ln C e turn out to be linear (Fig. 5) . The values of Q 0 , K L , K F , K DR , K T , n and the regression correlation coefficients were calculated from the slope and intercept of these plots and reported in Table 2 . These values of regression coefficients were used as the tting criteria to nd out the applicability of the foregoing four isotherms. It is found that the plot depicts the linear form of the Langmuir isotherm with extremely high correlation coefficients for MG adsorption by the hydrochar-ABR and the hydrochar-PE-ABR (R 2 ¼ 0.979 and 0.999), indicating that the adsorption of MG on hydrochars was likely to be monolayer and the distribution of active sites on the adsorbent was homogeneous. 27 R L is a positive number whose magnitude determines the feasibility of the adsorption process. 7, 26 The R L values for each of the different initial concentrations are between 0 and 1, indicating favorable adsorption of MG onto the hydrochars. Freundlich model can also t well with the experimental data ( Table 2) . The values of heterogeneity factor n of Freundlich model were more than 1 for the two hydrochars at different temperatures, indicating that the adsorption was favorable. 27 Both Langmuir and Freundlich isotherms t well with the experimental data indicating both monolayer and heterogeneous surface conditions may exist.
Dubinin and Radushkevich have proposed another isotherm which is applied to estimate the mean free energy of adsorption. D-R isotherm constant (K DR ) can be used to determine the mean free energy of adsorption per mole of the adsorbate (E, kJ mol À1 ), which in turn gives an idea about the type of adsorption i.e. physisorption or chemisorptions. 26 If the value of E is between 8 and 16 kJ mol À1 then the adsorption process follows by chemical ion-exchange, and if E < 8 kJ mol À1 the adsorption process is of physical nature, whereas if the value is more than 16 kJ mol
À1
, then chemisorption prevails. 7, 36 Our results showed that E value was 5.84 and 7.766 kJ mol À1 below 8 kJ mol À1 ( Table   2 ), indicating that the physical adsorption was the main process for the adsorption of MG by hydrochars in this work. The positive values of E indicate that the sorption process was endothermic and that higher solution temperature would favor the sorption process.
7
Temkin isotherm contains a factor that explicitly takes into account adsorbing species-adsorbate interactions. This model assumes that the energy of the molecule adsorption will decrease linearly with coverage because of the adsorbate and adsorbent interactions. 37 So, we applied Temkin isotherm as well to evaluate the adsorption potentials of the adsorbents for adsorbate ions. Table 2 , conrming a strong interaction between MG ions and the adsorbents surface. Adsorption kinetics. In order to analyze the adsorption kinetics of MG onto the hydrochars, the pseudo-rst-order, pseudo-second-order and intra-particle diffusion models were applied to the experimental data. The adsorption kinetics described by the relationship between contact time and MG uptake by 4 g L À1 the two hydrochars for three initial MG concentrations (50, 75 and 100 mg L À1 ) were discussed later.
The linear tting results of PE-ABR hydrochar (log(q e À q t ) versus t, (t/q t ) versus t and q t versus t Table 3 ). The better t with pseudo-second-order model Table 3 Comparison of rate constants calculated based on respective pseudo-first order, pseudo-second order and intra-particle diffusion kinetic models (hydrochar-ABR and hydrochar-PE-ABR dosage ¼ 4 g L
À1
; stirring speed ¼ 200 rpm)
Samples Parameters
First-order kinetics Second-order kinetics Intra-particle diffusion kinetics implies the adsorption process is interaction controlled with chemisorptions involved. But at the same time, the initial rapid phase within the rst 480 minutes may involve physical adsorption or ion exchange at hydrochar surface. Therefore, there are at least two mechanisms involved in the actual process. Similar results have been observed in the adsorption of malachite green onto palm ower based activated carbon.
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Contribution of intra-particle diffusion mechanism can be tested by applying the Weber and Morris equation as described earlier. It is clear that the relationships between hydrochars and MG for different concentrations at a particular adsorbent do not t well and do not pass through the origin (Fig. 6) . The correlation coefficients R 2 of the hydrochar derived from PE-ABR is higher than that of the hydrochar-ABR, which indicates that intra-particle diffusion is favorable for PE-ABR-hydrochar and more than one process affects the adsorption of MG by the hydrochars. The slope of the initial linear portion has been used to derive the intra-particle rate constant K w . 36 The various values of K w along with the values of C are shown in Table 3 . The rate constant for intra-particle diffusion of PE-ABR-hydrochar increases with increase of MG concentration which indicates an increasing boundary layer effect.
Comparison with other adsorbents. The maximum uptake capacities of the hydrochars derived from ABR and PE-ABR towards MG together with those of other hydrochars, biochars or other carbonaceous materials reported in the literature are listed in Table 4 . The data suggest that the maximum adsorption capacity obtained in the present study is higher than most of other carbonaceous materials. Our previous work using pine wood aer decayed by brown-rot fungi for removal rate of MG showed the maximum adsorption capacity reach to 42.63 mg g À1 , 36 was also less than that of the present work result. To increase oxygen-containing surface functional groups of hydrochar, particularly carboxylic group, hydrogen peroxide could be used to oxidize carbonized surfaces of hydrochar from pine needles to increase the adsorption capacity of MG (increased from 52.91 mg g À1 to 97.08 mg g À1 ). 6 In present study, owing to the algal cell rupture or deformation during the extraction process of phycocyanin, the hydrochar-PE-ABR has richer structure and surface functional groups compared to the hydrochar-ABR, we achieved therefore increased the maximum adsorption capacity.
Conclusions
This work presents a novel approach that makes better use of phycocyanin-extracted algal bloom residue by converting it to hydrochars through hydrothermal carbonization. The PE-ABRhydrochar shows the maximum adsorption capacity of 89.05 mg g À1 for initial MG concentration of 100 mg L À1 and hydrochars dosages of 4 g L À1 , much higher than that of ABR-hydrochar (43.11 mg g À1 ). The mechanism of the MG adsorption is ascribing to the interactions between the various functional groups of the hydrochar interacting with MG. Therefore, we have claimed a more effective and economic way to deal with the waste microalgae biomass from blooms. 
